A new principle that makes possible nonquantized a lt itude infor!nat.ion so .that the accurate range of a ltimeters can be exte nded to i!1clude low-level ?per~tlOn IS d escrIbed. A frequency shifter is inserted between the local oSCI llator and the I~llxe.r 111 ord e r to remov.e th e inherent error in conventional altimeters that makes them objectIOnable for low-altltu<;l e operation. The authors show how the characteristic of .the amplifier can be shaped dIfferently and po in t out that the strength of t he .re~urn sIgnal an.d the mhere.nt amp h tud e modulation determin e the most suitable charactenstIC for any pa rtIC ular operatll1g co ndI tIOn.
Introduction
In certain altimeters based on continuous-wave ()peration, a frequ ency-modulated wave is transmitted toward the groLmd. The r efl ected wav e has a time delay depend ent on di stance .so t hat it is possible to measure altitude by companng the tra?smit ted with the reflected \Va ve. Any modulatIOn function can be employed. A triangular func tion is more advan tageous for special cases. The followin g analysis, however, is based on sinusoidal modulation . Conventional alt imeters are analyzed first.
The transmitted wave is defined by the eq uation ET= A cos (wet + (3 sin W,t) (1) where A is the maximum carrier amplitude; We is 27rJe equal to 27r (c/Ac), whereJc is the average carrier freq uency; (3 is F/JT' where F is the maximum fr equ ency deviation and JT the modulating .frequ ency; f3 is the maximum phase exc u rsion, sometimes called the mod ulation index; and WT is 27rJT.
The equation for t be r eAected wave is
where K is a factor sl~aller than one that depends on space attenuation, surface-reAection coefficient, antenna gain, etc; T is the transit time; and Tis 2D/c, wh ere D is the aHitude and c the veloc ity of light. ET and En are fed into a mixer so that, if ET> > E n, the detected sio-nal becomes Ec = KA cos q" where q, is th e phase a~gle b etween E1' and En. An expression for ¢ is obtained by subtrac ting the phase angle of En from the phase angle of ET • The r eceived signal as describ e~ bye9 (3) ~s shown in figure 1. At the left, the l. "ecClved Signal IS represen ted as vecto r KA. It swmgs back and forth by the maximum phase excursion ' Y during each cyc.l~ of the modulating frequency JT. Its mean . pOSitIOn depend s on the phase of the reflected carner ,~a:ve. If the distance is changed by Ac/4, the m ean pOSItIOn changes by 180°. It. is . assum.ed that !«Jc so th at, for this distance vanatlOn. ' Y IS essentIally constant. At the rio-ht, the proj ection of this vector on the local vector Ais shown. H ence, the right side of the figure represents the detected signal. Although, for the case shown , ' Y is only 7r /6, in a general case, ' Y can be a considerable number of full rotatIOn s so that a number of complete cycles appear as sh;owI~ in figure 2. The instantaneous frequency of thIS wave chan ges sinllsoidally beca use the angular velocity of vector KA follows a sine function . A t the mean position of the vector KA b et,,~een maximum phase excw'sions, the angular velOCIty and, l~en ce , the instantaneous frequency, reach a maxuTIu.m. If triano-ular modulation were used, a cons tan t mstantaneo"'us frequency with phase reversals would be observed.
¢ = weT + (3 [sin w,t -sin wT(t-T)] W,(2t-T) . WTT ¢=wcT
The distance information is, as already stated, contained in ' Y. In conventional altimeters, the number of zero-crossings per repetition cycle in figure 2 is measured so that the value of ' Y can be determined . Let us assume that for a very close distance, the vector KA has a mean position that is h?ri~ontal. Corresponding to the assumed small tranSIt tl~e., ' Y has a small value so that a count of 1 per repetition cycle (N=l) is obtained ( fig. 3) .. ~f the distance is increased by Ac/8, the. average po ItIOn of vector KA becomes vertical as shown in figLu·e 4. A count of 2 per repetition periodi.s now observed. After an additional increase of dIstance by Ac/8, a COLmt of 1 will be obtained again. If this analysi is carried out for laraer and larger distan ces, a graph is obtained for the'" counts as a function of distance as shown in figure 5 . Hence, if in a conventional altimeter a certain count, for example, 3 per repetition period, is observed, the distance is indeterminate within the limits between 2de and 4de. This indeterminacy is usually reduced by the use of a large frequency deviation so that de becomes small. Furthermore, some averaging effect may be obtained due to the roughness of the terrain, which produces a random variation of height as measured from an aircraft with a horizontal flight path.
The new instrument, which is described in this report, makes it possible to obtain nonquantized distance information using small frequency deviations and over smooth terrain. Heights less than the critical distance can be measured with accuracy. Figure 6 is a block diagram of the new instrument. G is a frequency-modulated microwave generator coupled to the transmitting antenna T. A small part of the signal produced by G is fed through the frequency shifter FS and combined with the signal received by the receiving antenna R. The frequency shifter is either a mechanical or electrical device producing a single-sideband component. Devices of this kind are described in the Appendix. FS has to change the frequency f e of an incoming signal into fe +fd, where fd is much smaller than f e. A small amount of energy at frequen cy fT will appear in the output of the frequency shifter, but it is easy to keep the undesired voltage down to 10 percent of the desired signal voltage. 'fhe combined signals are rectified to the rectifier R e , amplified in the amplifier A, and fed into an averaging counter C, which counts positive-going zero-crossings. Meter M shows the number of zero-crossings per second.
As already 'stated, th e ambiguity of conventional altimeters is due to th e fact that whenever the distance is varied by Ac/8, the count is changed by one per repetition period. In a conventional altimeter, the average phase of vector KA is WeT , as in figure 1. If a frequen cy shift of f d cycles is in troduced by F S, KA rotates slowly with an angular velocity Wa, as shown in figure 7 . Hence, the average position of KA is now time-dep end ent. If the modulating frequency is fT' K A, while rotating slowly at a rate fa, swings back and for th through "I at a rate fT'
Methods of Obtaining Nonquantized
Distance Information
Three methods of obtaining nonquantized distan ce information h ave b een investigated and are d escrib ed below.
Amplifier With a Uniform Frequency Characteristic
If amplifier A in fig ure 6 has a uniform frequen cy characteristic, the signal fed into the coun ter C has the shap e as shown in fi gure 7 . The counter produces one pulse for every positive-going zero-crossing. H en ce, it is evident that the total co unt grows with increasing "I. It will be shown that a unique r elation exists b etween the numb er of pulses per second and "I, that is, distance. The signal in figure 7 that is th e detect ed signal can be represented by the following equation
Ec= KA cos (lI + wal + "I cos wTl)= KA cos a. (4)
This equation follows direc tly from eq (3 ) with th e assumption that WeT r epresen ts th e constant phase angl e II and that the transit time T is very small com- that a count of 2 p~r repetition p eriod is obtained for "1 = 11' (2 times the critical distan ce). A count of 1 is produced by "1 = 11'/2. Figure 9 is similar to figur e 8. The time, however, is extended over many cycles of frequency fa b ecause the counter used m easures the average count over a long time. During each of the intervals AB, th e oscillations of aare crossing the valu es (2n + 1)11'/2 The distance AB is proportional to the number of counts if it is assumed that f ;:»fa. Now, it can be seen that the total CO Ull t over time T is proportional to th e sum of all lines A B.
AB= 2"1.
Wa
B ecause A B is proportional to "I, th e total count is also linearly r elated to "I . This is strictly true as long as the observation time is la rge compar ed with the period of frequen cy fd' In t his case, th e end effects occurring at time 0 and T can b e n eglected. It can b e seen from fig LITe 9 that t h e co un t is propor tional
e, zero·crossin g of E e a, When -y=7r; b, when "(=1r/2. to distance with one negligible errol': for zero distance a count of fa pulses per second is obtained due to the presence of fa. For fa = 100 cps and fT = 10,000 cps, this error is only 1 percent for the critical distance.
For higher values of ' Y, the error decreases proportionally. A plot of counts versus distance is shown in figure 10 . If this curve is compared with the graph of figure 5, the advantages of the new system become evident.
If the frequency shifter FS would produce only energy at fc + fa, the linear relationship between distance and counts as shown in figure 10 could be maintained under all conditions. Unfortunately, practical frequency shifters also pass a small al1'ount of energy at the frequency f e and if the shifter is not perfectly balanced, energy at the frequency fe-fa. This condition corresponds to that of a carrier with one or two sidebands separated by fa. If this rrixture is fed into the rectifier R e , a signal at frequency fa is registered by the meter as long as the amplitude of the desired signal does not exceed the arrplitude of the en velope of th e undesired mixture. This is similar to the capturing effect in conventional FM recei vel'S and is due to the action of the limi tel' which is incorporated in the counter C.
.2. Amplifier With f d Filter
For low-altitude use, the system as described is still practicable because of the large signal available. If, however, the signal level is small, the frequency characteristic of the amplifier A has to be shaped in such a way that energy at the frequency f a is eliwinated from the counter. The conditions with an fa filter are shown in figure 11 . Whereas a count of 1 per repetition cycle was obtained only during a short time without the filter, a count of 1 is now produced during the larger part of a cycle of the wave at frequency fa so that a count versus distance curve different from the one shown in figure 10 is expected. Figure 11 is obtained by subtracting the fa component from the wave form in figure 7 . An alternate point of view is to consider that each wave forwation per repetition-rate cycle is referred to its own average value.
Equation (4) With the filter, zero-crossings are obtained for Eo=O. Whereas it was possible to solve eq (4) graphically, the number of zero-crossings for eq (6) has to be determined point by point for many average positions of vector KA for each particular value of 'Y. After this has been done for a full revolution, the fj,rithmetic mean of the individual numbers is determined, and constitutes the reading that an averaging counter would show. In other words, instead of considering a continouus rotation of KA with an angular velocity Wa, it is assumed that the vector is periodically fj,rrested and that it swings back and forth by the angle ' Y. This procedure is justified because the frequency fd is very small compared to fro
In figure 12 , voltage versus time is plotted for the equation Ee = KA cos (O + ' Y sinwrt).
In the upper left part of the figure, the vector KA is shown in its average position 01 which is equal to O+ wat. It is displaced from the vertical by 01= 10° and swings through a 1 of ± 270° with sinusoidal velocity distribution. 'rhe lower part of the figure shows ' Y i sin wrt . Combining components, the complete wave is obtained as shown in the upper right of figure 12 .
If a uniform frequency characteristic were employed, that is, if no rejection filter for fd were used, the number of counts per repetition period would be determined by the crossings between the curve and the abscissa. With the filter, however, the number of counts per repetition period is determined by the crossings between the curve and its average value (over each variation per repetition-rate cycle). It is possible to obtain the new average value for every individual average position of vector KA by cumber-' some integration so that the areas above and below the zero line are identical. A more elegant procedure, however, is feasible if the fact that the filter removes the J o term of eq (6) from the curve in figure 12 is 
Counts will b e obtained, as b efore, for each positiveg?ing zero-crossing . Zeros of eq (7) figure 17 , thej a filter was used. The experimental points wer e obtained from several test runs , using differ en t klystron deviations (differ en t values of (3 ) after r educing th e distance in terms of appropriate criti cal distances for each run. The agreement with the theoretical curve reproduced from figure 17 is clearly shown. Figure IS shows a set of runs, all having the same i3 , but using the different n etworks. These curves are in agreement with th eory in all r esp ects.
Summarizing, there are three methods of obtaining nonquantized distance information:
(1) If an amplifier with uniform ampli t ude characteristic is employed, the count is proportional to distance, as shown in fi gure 10. The method is usabl e only wher e the r eturn signal overrid es the oscillator signal leaking through the frequ en cy shifter.
(2) If an amplifier with a rejection filter for jd is employed, the count follows a curve as shown in figure 13 .
(3) If an amplifier with a frequency response proportional to fr equency is used, the count follows the linear rela tion shown in figure 16 . Whereas method (1) is practicable only as shown above, methods (2) and (3) ar e usable for any distance within th e range of conven tional altimeters. 
